We investigated a recent, major decline in the abundance of a large aggregate of coho salmon (Oncorhynchus kisutch) spawning in the Thompson River, British Columbia, watershed. We found that the decline could be attributed to a declining trend in productivity likely related to changing ocean conditions, overfishing, and freshwater habitat alteration. Among individual watersheds, rates of decline in adult coho salmon abundance were correlated with agricultural land use, road density, and a qualitative measure of stream habitat status but not with the proportion of land recently logged. The recovery of these populations will require the prudent regulation of fishing, the restoration of salmon producing watersheds, and an improvement in ocean conditions. Résumé : Nous avons examiné le déclin marqué de l'abondance qui vient de se manifester chez un important groupe de cohos (Oncorhynchus kisutch) qui frayent dans le bassin de la Thompson (Colombie-Britannique). Nous pensons que ce déclin pourrait s'expliquer par une tendance à la baisse de la productivité, tendance qui semble reliée aux changements dans les conditions océaniques, à la surpêche et à l'altération des habitats d'eau douce. Au niveau des bassins, les taux de déclin de l'abondance des cohos adultes étaient corrélés à l'utilisation des terres agricoles, à la densité du réseau routier et à une mesure qualitative de l'état des habitats d'eau douce, mais pas à la proportion de territoire forestier récemment mis en coupe. Le rétablissement de ces populations nécessitera une réglementation prudente de la pêche, une remise en état des bassins salmonicoles et une amélioration des conditions océaniques.
Introduction
Many Pacific salmon (Oncorhynchus spp.) populations have declined to critical levels. The cause of the declines are usually thought to be some combination of overfishing, decreased survival of young salmon in the ocean, and degraded freshwater habitat (Slaney et al. 1996) , though other hypotheses have been proposed (Walters and Ward 1998) .
The abundance of coho salmon (O. kisutch) returning to, and spawning in, the Thompson River watershed has declined 90% in the last decade (Fig. 1a) . This decline has recently forced major restrictions on Canadian salmon fisheries that can catch these fish. While it is often difficult to determine the relative roles of the various factors on trends in adult salmon abundance, here, we provide quantitative evidence that fishing, climate change, and habitat alterations have all contributed to the decline. In particular, we document quantitative relations between large-scale land use patterns and trends in adult salmon abundance.
Methods
The Thompson River is the largest tributary of the Fraser River and drains 54 600 km 2 of the mountainous southern interior of British Columbia. Coho salmon spawn in the fall in at least 40 streams and rivers in the Thompson drainage, and most juveniles spend a year in freshwater before migrating to the sea as smolts. Subadults rear in the North Pacific and most return back to the Thompson River at a total age of 3 years.
Much of our analysis is based on estimates of abundance derived from visual counts of spawners. There is considerable uncertainty in these data, and most estimates are probably biased low. However, in many cases, observers worked in the same locations for many years, and Irvine et al. (1999a) detailed the efforts that have been made to make the data consistent as possible over time. We created four time series of spawner abundances: the sum of estimates from 10 North Thompson streams, the sum of 19 South Thompson streams, the Eagle River, and the Salmon River. Data were available for these streams for at least 11 of 14 years from 1985 -1998 (Irvine et al. 1999a , 1999b ; missing data were linearly interpolated from the adjacent years. Spawner estimates for the Eagle and the Salmon rivers were based on weirs and are likely more accurate than for the other streams. These two streams also had hatchery operations on them; however, return rates of hatchery fish were low and had little effect on overall adult abundances or trends (Bradford 1998) . The other streams were free of hatchery interventions.
We calculated recruitment (R) by expanding spawner estimates by the exploitation rate as R t = S t /(1-h t ), where R t is the abundance of maturing adults returning to coastal waters, S t is spawner abundance, and h t is the proportion of fish taken in all fisheries that year. Exploitation rate estimates are from coded-wire tag recoveries from Thompson hatchery smolt releases (Irvine et al. 1999b) supplemented by DNA sampling of catches in fisheries during 1998 (Irvine et al. 1999a) . We evaluated the possible impacts of climate change by calculating the intrinsic rate of increase, r t = ln(R t /S t-3 ), which is an annual measure of productivity. We computed r for each of the four time series of abundance and then averaged them.
The appropriateness of harvest rates is usually determined with a stock-recruit model that predicts the response of populations to exploitation under average or stationary conditions. However, there was a strong trend in the productivity of Thompson coho salmon (Fig. 1b) , which precluded such an analysis. Instead, we used the annual estimates of r to calculate the harvest rate, h* = 1 -e -r (h* = 0 if r ≤ 0). For years when r > 0, h* would have maintained the populations at stable levels (i.e., S t = S t-3 ). We then compared h* with the actual exploitation rates. We considered fishing to have contributed to the decline in abundance when the observed values of h exceeded h*.
We evaluated the role of land use on coho salmon declines by comparing different measures of land use in each watershed with the rate of change in the abundance of adults returning to that stream. We hypothesized that variation in the rates of decline in recruitment among streams would be related to the quality of freshwater habitat, which would affect egg-to-smolt survival. Because the exact mechanisms by which land use impacts aquatic habitats are diverse and probably watershed specific, we used only the most general land use measures for this analysis.
For each stream we calculated the rate of change of estimated recruitment as the slope of the regression of ln(R+1) on year for the years 1988-1998. We had data for 40 streams for which estimates were available for at least 7 of the 11 years. We used 3 measures of human disturbance for each watershed that were obtained from a GIS database (www.gdbc.gov.bc.ca): (i) the proportion of land in agricultural and urban use, (ii) the density of roads, and (iii) the proportion of land that had been logged or burned in the last 20-25 years. The logging, agricultural, and urban data were based on remote sensing information collected in 1994-1995. Road data (including hard surface, logging, and farm roads) were from aerial photography conducted in 1988 and will underestimate road lengths in watersheds with recent logging. For larger watersheds, the proportion of land in agricultural use was estimated for the mainstem area only and does not include small higher gradient tributary streams that are not extensively used by coho or for farming. Logging and road densities were estimated for the whole watershed because of the potential for upland land use to impact downstream areas.
We used a semiquantitative index of "habitat concerns" for each watershed as a fourth measure. This independent index comprised 10 major categories (forestry, agriculture, urbanization, recreation, mining, industrial development, linear development, hydro development, cumulative impacts, and special biophysical concerns), and there were one to six subcategories in each major group (Department of Fisheries and Oceans 1998a, 1998b) . Each issue was rated as either "high" or "low," and the watershed score was the sum of the number of "high" concerns. The watershed index was not available for part of the Thompson drainage area, so we asked a biologist who was not familiar with the fish data to review the supporting documents and generate the index values in a manner similar to what was done for the other areas.
Six of the 40 streams were sites for hatchery operations of varying intensities. To test for an effect of the hatchery on the rate of decline in abundance, we used multiple regressions with one of the land use measures and a dummy variable coded for hatchery presence as independent variables.
Results
The productivity of wild Thompson coho has declined to the point that now r ≈ 0, which means populations are only just able to replace themselves in the absence of any fishing mortality (Fig. 1b) . When we compared the actual exploitation rates with our estimates of h*, we found that fishing mortality was well matched to the productivity of the aggregate between 1987 to 1989, but since then, harvest rates have often been excessive. The median difference between the observed exploitation rates and h* (1990-1998) was 0.25.
The rate at which individual coho populations declined between 1988 and 1998 was related to the extent of agricultural and urban land use, the density of roads in the watershed, and the index of habitat concerns, but there was no relationship between salmon declines and recent logging (Fig. 2) . The presence of hatchery activities had no effect on the rates of decline (for all four measures of land use, the dummy variable for hatchery presence was not significant, P > 0.15). Decline rates were not related to watershed area (r = -0.01). The agricultural, road, and habitat concern measures were correlated with each other (r = 0.53-0.74). The index of recent logging was weakly correlated with road density (r = 0.35) but was not with the agriculture or habitat concern indices (r = -0.14 and -0.06, respectively). 
Discussion
The productivity of the Thompson coho aggregate has declined steadily in the past decade. The decline in r is not due to density-dependent mortality in freshwater because r and population sizes show concurrent downward trends. We also do not believe that the trend in r could be due to a recent basin-wide deterioration in physical habitat quality. Rather, we think the trend in r is due to changes in climate, particularly as it affects ocean conditions. We do not have direct estimates of the survival of wild coho once they leave the Thompson drainage, but smolt-to-adult survival rates for Thompson hatchery releases have declined, as has survival for a wild population from the Georgia Strait, British Columbia (Fig. 1b) . The survival of other coho salmon populations from southern British Columbia has also decreased significantly in recent years (Walters and Ward 1998) . There is also evidence of very recent (since 1995) declines in body size, fecundity, and the proportion of females in Thompson coho salmon spawning populations (Irvine et al. 1999b ). These changes are likely due to changes in ocean conditions and will affect the productivity of the aggregate in the coming years. Climate change might also affect the survival of coho salmon in freshwater (Walters and Ward 1998) , but quantitative evidence for large-scale climate effects on the production of coho salmon smolts is lacking (Bradford 1999) .
Among individual watersheds, coho salmon declines were related to the intensity of human disturbance in the catchment. Juvenile coho salmon favour low gradient streams that are located on valley floors in mountainous regions (Beechie et al. 1994) . These areas are also preferred for agriculture, forestry, urban development, and transportation corridors; all are activities that can impact aquatic habitats. In the Thompson watershed, many valley bottoms have been in use for agriculture (mainly livestock, dairy, and animal feed crops) for at least 50 years. In some cases, riparian vegetation has been removed and livestock has destabilized stream banks, and off-channel habitats and wetlands have been destroyed or isolated by dyking. In addition, much of the Thompson drainage is in a semiarid area, and high rates of water withdrawal in summer for irrigation cause low flows and high water temperatures (Rood and Hamilton 1995) .
Although we could not detect an effect, we do not suggest that logging in the Thompson watershed has not had an impact on coho streams. The index that we used concerns only recent logging, which was often located in the headwaters of salmon streams, as the forests that covered most valley floors were removed 50-100 years ago for agricultural and rangeland uses. The effects of recent logging in headwaters may be too subtle to detect with our data, as the impacts can be varied and can occur over long time scales (Meehan 1992) . Older deforestation has been shown to affect aquatic biota (Harding et al. 1998) , but data to quantify 50-to 100-year-old logging were not available to us. Further analyses, and perhaps a better understanding of the impacts of logging in interior climates, are needed (Meehan 1992) to fully evaluate the effects of logging in the Thompson basin.
A provisional estimate of the contribution of landscape alteration to the rate of change in coho salmon abundance can be made by comparing the observed instantaneous rate of change averaged across all streams (-0.29) with the inter- cepts of the regressions of Figs. 2a-2c , which predict the average rate of decline in pristine watersheds. These intercepts range from -0.11 to -0.22, which implies that Thompson coho salmon populations would have still declined, although at a lesser rate, if stream habitats had been pristine.
We assumed that fish spawning in each stream represent individual populations, but it is likely that there is exchange of juveniles and adults among neighboring streams within the drainage. Thus the Thompson coho salmon aggregate may actually consist of a smaller number of larger populations in which "source-sink" processes may be important for local population dynamics. Freshwater habitat deterioration could alter the source-sink balance and may reduce connectivity among populations, which will affect the overall productivity and stability of the aggregate. Unfortunately, we know little about these processes for Thompson River coho salmon.
In summary, we find evidence that excessive fishing, changing ocean conditions, and freshwater habitat alterations have all contributed to declines in Thompson River coho salmon. Overfishing resulted from the failure of harvest rates to track a climate-driven decline in productivity. The status of freshwater habitats has contributed to the resilience of individual populations, and our results highlight the critical role that productive freshwater habitats can play in aiding salmon populations during periods of unfavourable ocean conditions. Unfortunately, because we lack a population model to link generations, we cannot more quantitatively apportion the overall decline to each of the three factors. Nonetheless, it seems prudent to suggest that the recovery of these populations will require continued restrictions on fishing, the restoration of salmon producing watersheds, and an improvement in ocean conditions.
